Purpose: Transcatheter device closure of patent ductus arteriosus (PDA) is challenging in early infancy. We evaluated PDA closure in infants less than 6 months old. Methods: We performed a retrospective review of infants less than 6 months of age who underwent attempted transcatheter device closure in our institution since 2004. To compare clinical outcomes between age groups, infants aged 6-12 months in the same study period were reviewed. Results: A total of 22 patients underwent transcatheter PDA closure during the study period. Patient mean age was 3.3±1.5 months, and weight was 5.7±1.3 kg. The duct diameter at the narrowest point was 3.0±0.8 mm as measured by angiography. The most common duct type was C in the Krichenko classification. Procedural success was achieved in 19 patients (86.3%). Major complications occurred in 5 patients (22.7%), including device embolization (n=1), acquired aortic coarctation (n=2), accessrelated vascular injury requiring surgery (n=1), and acute deterioration requiring intubation during the procedure (n=1). Two patients had minor complications (9.1%). Twenty-four infants aged 6-12 months received transcatheter device closure. The procedural success rate was 100%, and there were no major complications. The major complication rate was significantly higher in the group less than 6 months of age (P=0.045). There was a trend toward increased major complication and procedural failure rates in the younger age group (P<0.01). Conclusion: A relatively higher incidence of major complications was observed in infants less than 6 months of age. The decision regarding treatment modality should be individualized.
Introduction
Patent ductus arteriosus (PDA) causes left heart volume overloading and may lead to conges tive heart failure, atrial arrhythmia, or pulmonary hypertension. 1) Transcatheter device closure of PDA is an established and widely accepted treatment modality in adolescents, children, and older infants. 15) However, there is limited evidence and thus far few studies exist for early infants.
611) The Amplatzer duct occluder (ADO) device is the globally most popular device for PDA, and it is approved to use in infants older than 6 months and weighing more than 6 kg, per the manufacturers. To analyze clinical outcomes and safety of transcatheter closure of PDA in early infancy, we performed a retrospective analysis of infants less than 6 months of age in whom transcatheter device closure was attempted. In addition, we present a comparison of the procedural outcomes between patients less than 6 months old and those 6-12 months old who underwent transcatheter closure of PDA in the same study period.
classified as minor complications. Successful device deployment and absence of significant residual flow at the latest followup were counted as procedural success.
Statistics
All analyses were performed using SPSS version 23 for Windows. Measured data were expressed as mean±standard deviation or median. Pro cedural outcomes for each age group were compared using a chisquare test or Fisher exact test. CochranArmitage test was used for trend analysis. A P value of <0.05 is defined as statis tically signi ficant.
Results
A total of 22 patients less than 6 months of age underwent trans catheter PDA closure during the study period. Eleven patients were girls (50%). The patients' mean age was 3.3±1.5 months (range, 0.4-5.9 months), and the mean body weight was 5.7±1.3 kg (range, 3.6-8.3 kg). All patients had clinically significant symptoms of PDA including weight stagnation or difficulty breathing. Twelve patients (55%) had associated cardiac anomalies: atrial septal defect (n=10), ventricular septal defect (n=1), pulmonary stenosis (n=1), aortic stenosis (n=1), or aortic arch hypoplasia and right coronary artery fistula (n=1). The patient characteristics and procedural data are given in Table 1 .
The mean duct diameter at the narrowest point measured by echocardiography and angiography was 3.5±0.7 mm (range, 2.2-5.0 mm) and 3.0±0.8 mm (range, 1.5-4.5 mm), respectively. Ductal types were classified based on the Krichenko classification except for three patients whose angiogram images were not available for review. The most common type was C (58%, n=11), followed by type A (32%, n=6) and type B (10%, n=2).
Out of 22 patients, transcatheter closure was successfully per formed in 19 (86.3%). The median followup duration was 7.2 months (range, 0.3-50.9 months). An immediate aortogram after deployment of the device was routinely done, and 58% (11 of 19) of the cases were completely closed. Echocardiography before dis charge revealed that 63% (12 of 19) of patients had a small amount of leakage. However, complete occlusion was confirmed in all 15 cases in which followup echocardiography data after discharge were available. The latest data were not available for the last 4 cases because they were sent to regional hospitals for followup.
The devices used in successful procedures were ADO I (16 patients, 84%); Cocoon PDA (1 patient, 5%); and AVP II (2 patients, 11%).
Among 3 unsuccessful cases, the first patient was 1 month old, weighed 4.3 kg, and had pulmonary hypertension. The ductal type was A, and the size was 2 mm at the narrowest point. A 5/4 mm ADO I was successfully implanted initially, but the device dislodged to the descending aorta after the procedure (Fig. 1 ). 1, 7, 8) Among these patients, those less than 6 months of age at the time of the procedure were enrolled. To compare the success and complication rates between age groups, the procedural outcomes of patients 6-12 months old who underwent transcatheter device closure in the same study period were also collected. All of the procedures were performed by experienced pediatric interventional cardiologists. This study was approved by the Institutional Review Board of Samsung Medical Center (approval number: SMC 2018 04040001).
Materials and methods

Procedure
Informed consent was obtained from the patients' parents before the procedure. Prophylactic antibiotic cefazolin was administered. Most of the procedures were performed under deep sedation, except for patients who were already mechanically ventilated before the procedure. A 4F sheath was placed in the femoral artery and vein. After collecting hemodynamic data, images of the ductus were obtained by angiography with right lateral oblique and lateral views. With the angiographic images, the ductal type and shape were determined according to the Krichenko classification.
12) Then, the type and size of the device were chosen considering the ductal anatomy. A delivery catheter was passed through the PDA from the femoral vein to the descending aorta over a guide wire. The device was then advanced into the delivery catheter. For the device, ADO I, Amplatzer vascular plug (AVP) II, and Cocoon PDA were used. After deployment of the device, an aortogram was obtained to evaluate residual shunts and device position. The fluoroscopy time was recorded.
Evaluation after implantation
Transthoracic echocardiography was conducted within 48 hours after the procedure. Then, routine followups were done at one and six months after discharge. All of the complications related to the procedures were recorded. Cardiac arrest or death, hemodynamic instability, deterioration of respiration requiring mechanical ventila tion during the procedure, embolization of the device, acquired coarctation requiring surgery, and vascular complications requiring surgery were classified as major complications. Mild left pulmonary artery (LPA) stenosis, blood transfusion, and transient local vascular complications such as transient loss of pulse or hematoma were Korean J Pediatr 2018;61(12):397-402 Therefore, emergent surgical removal of the device and closure of the ductus were needed. The second patient was 1 month old and weighed 4.0 kg. The ductal type was B, and the size was 2 mm. A 6/4 mm ADO I was implanted (Fig. 2) . Device deployment led to acquired coarctation of the aorta. Surgical device removal and duc tal ligation were planned. The third patient had Down syndrome and severe pulmonary hypertension with arch hypoplasia; she was three months old and weighed 5.2 kg. The ductal type was C, and the size was 2.5 mm. An implanted 6mm AVP II device resulted in a significant pressure difference between the ascending and descending aortas (Fig. 3) . Therefore, the device was retrieved immediately by the transcatheter approach. Major complications occurred in 5 patients (22.7%). There was no cardiac arrest or mortality related to the procedure. There was one case of device embolization after the procedure, requiring sur gical removal as described above. Out of five patients, device deploy ment caused significant aortic coarctation in 2 patients, and the device was removed as described above. An accessrelated major complication occurred in one patient; initial delivery of a 5/4 mm ADO was attempted with 6F and 7F sheaths, but advancement was not possible. Eventually, with an 8F short sheath, deployment of the device was successful. However, damaged vascular tissue was identified with the removed vascular sheath, and a common iliac vein injury was detected on angiogram. Therefore, the patient underwent emergent allograft surgery. A pulmonary hypertensive crisis occurred in the last patient during the procedure. Emergent intubation and monitoring in an intensive care unit after the pro cedure were needed.
Two patients had minor complications (9.1%). For 1 patient, loss of pulse was identified after the procedure and was completely recovered with intravenous heparinization. He also had mild LPA stenosis after device deployment. Mild LPA stenosis was identified in 2 patients. Flow velocity measured by echocardiography was not significant (below 2 m/sec) in both cases. No patient required a blood transfusion due to blood loss during the procedure.
We compared the success and complication rates of the less than 6 months age group with 24 infants aged 6-12 months who re ceived transcatheter device closure in the same study period at our institute. The procedural success rate of the 6-12 months group was higher (100%), but the difference between the age groups was not statistically significant (P=0.101). In the less than 6 months age group, the major complication rate was 22.7%. In contrast, there was no major complication in the 6-12 months group; this was statistically significant (P=0.045).
As, infant's bodyweight is usually doubled in first 3 months after birth. We further divided under 6 months age group to under 3 months and 3-6 months age groups. Between 3 age groups, only, major complication rate between under 3 months group and 6-12 months group was significantly different (P=0.015). But with trend analysis using linearbylinear association test, there was a trend of increased major complication and procedural failure rates with younger age group (P<0.01) ( Table 2) .
Discussion
To our knowledge, successful transcatheter closure of ductus arteriosus has been reported even in early infancy at less than six months of age, but the major complication rate was significantly higher compared to the older age infants group.
There have been a few studies that evaluated the feasibility of Values are presented as number (%).
Korean J Pediatr 2018;61(12):397-402 transcatheter closure of PDA in small infants less than 6 kg, with procedural success rates ranging from 89.7%-94.3%. 611) Although the patient population was heterogeneous, different inclusion cri teria and different definitions of procedural success and major com plications between studies make comparison difficult. In our study, the procedural success rate of infants less than 6 months old was 86.3%, which is comparable with previously reported studies. The slightly lower success rate in our study may have been affected by the relatively small sample size and minimal experience, considering three failed procedures occurred in the first half of all of the attempts. Backes et al. 5) conducted a metaanalysis of transcatheter closure of PDA during infants aged less than 1 year. The study reported a success rate of 92.2% and an overall clinically significant complica tion rate of 10.1%. It is noteworthy that, in the subgroup analysis, the clinically significant complication rate was 2 to 3 times greater in studies with infants weighing less than 6 kg. A United Kingdom and Ireland multicenter study reported a successful device implanta tion rate of 92% in small infants less than 6 kg. 6) However, a major complication rate of 10%, device embolization rate of 5%, and vascular accessrelated complication rate of 6% led authors to con clude that careful consideration is needed before deciding upon treatment modality. Similarly, in our study, the major complication rate was significantly higher among infants less than 6 months of age. Backes et al. 11) reported that younger age less than 30 days was a risk factor of major adverse event and composite failure. In our study, only 1 patient was younger than 30 days and the procedure was successfully done without complication. As small infants have relatively smallersized vessels, concerns about the increased risk of device protrusion into the aorta or pul mo nary artery and local vascular injury are major drawbacks in expan ding the application of the transcatheter approach to small infants. 1) Other than the small size of the aortic isthmus, the acute angle between PDA and the aorta and the absence of aortic am pulla in PDA types B and C were hypothesized as potential factors influ encing device protrusion. 8) There were 2 cases of mild LPA stenosis and 2 cases of significant aortic coarctation in our study. In the aortic coarctation cases, the PDA types were B and C, respectively. Furthermore, 1 patient had mild arch hypoplasia. Therefore, an ab sence of aortic end ampulla and underlying arch hypoplasia might increase the risk of device protrusion in our study. In the aortic coarctation cases, a 6/4 mm ADO I and 6mm AVP II were used. A miniaturized device such as ADO II additional size might be helpful in these cases but was not available at the time.
13)
Device embolization is another major concern in PDA device closure in small infants. Underestimation of PDA size, unfavorable ductal anatomy, and a suboptimal device position can be causes of embolization. 6) Device embolization rates in small infants less than 6 kg were reported to be 2.4%-5%. 6, 11) Similarly, there was 1 case (4.5%) of device embolization in our study. Underestimation of ductal size due to spasm was thought to be the cause of embolization in our case. To prevent major complications, case by case approach is needed considering patient's condition, ductal anatomy, operator's expe rience, appropriate device selection and availability of surgical backup. With our experience, large vascular sheath over 7F should be used with caution in early infants. And, procedures in patient with unfavorable vascular anatomy like aortic coarctation should be avoided. So, thorough evaluation of patient's anatomy with echocardiography and computed tomography is needed in advance. However, we are expecting advances in occlude device and delivery system will help overcome these hurdles in the future.
There are several limitations in this study. Based on the manu facturer's recommendation, we set an arbitrary cutoff of 6 months of age. Due to the retrospective nature of this study, the followup duration and interval varied between patients, and data was incom plete in some cases. Although the procedural success rates were lower in the under 6 months age group, the difference was not statistically significant. This may be due to the small sample size.
In conclusion, Transcatheter closure of PDA is a successful and effective treatment option for a majority of early infants. However, a relatively higher incidence of major complications was observed in infants less than 6 months of age. There was a trend of increased major complication and procedural failure rates with younger age group. Considering ductal anatomy, device availability, patients' clinical situations, and operators' experience, the decision of treat ment modality should be individualized, and it should be done with precaution and surgical backup.
